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Abstract— Samples of mild carbon (NST50) and medium carbon (NST60Mn) steels were electroplated with copper using acid 
sulphate bath. Each of the samples was fully immersed into the four media [brine and in some selected water media (rain water, well 
water, and chlorinated municipal water)] and the corrosion rate (mg/mm2/day) was taken as a measure of degradation at every 2 days 
interval for 30 days immersion period. By comparison, as-received steel samples have greater levels of corrosion than the copper 
coated steels in four environments. Cu-coated steel has 3.06x10-3, 6.5x10-4, 5.72x10-4, 3.47x10-4 corrosion rates (mgmm-2day-1) in 
brine, chlorinated tap water, rainwater, well water respectively.  
Keywords— copper corrosion, electroplated carbon steels, earthen rods, water environments.  
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1 INTRODUCTION                                                                            
 
* Corresponding author 
orrosion, the gradual deterioration and surface wastage 
of a metal due to its reaction with its environment 
(Trenthewey and Chamberlain, 1995) is a major materi-
al problem. It is usually a setback facing the oil, chemical, 
small and big engineering industries and domestic (homes) 
and it requires greater attention. Corrosion is caused by 
many factors but the major causes of it are the material 
properties, nature and aggressiveness of the environment 
(Rieger, 1986). Ajibola et al., (2014a) and Ajibola et al., 
(2015a) had discussed that the interaction between wear and 
chemicals may also accelerate corrosion and the vice versa. 
With the exception of some few noble metals, metals and 
alloys are susceptible to corrosion (Egunlae, 2008; Adewuyi 
and Egunlae, 2008). So much importance is attached to its 
prevention and control due to its unbearable wastage and 
losses that may occur whenever corrosion problem strikes. 
Hence, corrosion in metals are monitored, measured, pre-
vented and controlled by different methods such as metallic 
and non metallic coatings, painting, anodic and cathodic 
protection, and inhibition. In different works, Jope et al., 
(1995) and Wu et al., (1993) have reported the effective use 
of inhibitors on copper corrosion control. 
 
Corrosion control is a complex science, requiring considera-
ble knowledge of corrosion chemistry and of the system be-
ing evaluated (www.aces.edu/pubs/docs). The corrosion 
process is an oxidation/reduction reaction that returns re-
fined or processed metal to their more stable ore state. Near-
ly all metals will corrode to some degree. The rate and ex-
tent of the corrosion depends on the physical and chemical 
characteristics of the media, metal, and environment 
(http://www.water-research.net/corrosion.html). Corro-
sion may be an intentional dissolution of a material (metal, 
alloy, oxide, plastic etc) into an aggressive chemical solution 
by leaching (Oluwaseyi and Egunlae 2007; Ajibola and 
Jimoh,  2014a) from which the metal can be easily recovered 
using different techniques and reagents (Ajibola and Jimoh, 
2014b; Ajibola et al., 2015e). 
 
Corrosion and wear are serious materials problems that af-
fect the sustainability and long service life many engineering 
components in their various environment of application. 
(Adewuyi and Egunlae, 2008; Ajibola et al., 2015b; Ajibola 
and Oloruntoba, 2015). Corrosion of Cu and Ni platings 
have been widely studied and reported in the literature 
(Ajibola et al., 2015c, Ajibola et al., 2015d) 
 
A variety of low carbon steels (such as ST30, ST44) medium 
carbon steels (ST60), and mild steel (ST50), and high carbon 
steels are produced in Nigeria. These are used in many areas 
such as wire drawing, steel rolling, automobile (car) and 
machine parts and machine tools fabrication (Egunlae  and 
Kutelu , 2008; Ajibola et al., 2015b) to mention a few. Steels 
are characterized by high strength and high workability, but 
are like other metals susceptible to corrosion when used. 
The improved service requirement of steel can be achieved 
by the measures such as heat treatment (Oloruntoba,  2009); 
coating such as painting and metallic depositions (plating) 
(Ajibola et al., 2014); regular lubrication and so on which 
offer a long lasting protective measure on the machine part 
under services. There are different types of metal coating 
processes. These include processes like anodising electroless 
plating (Ajibola et al., 2014), autocatalytic plating (Gabe, 
1984), galvanising, (Karlson, 1989, Sullivan and Worsely, 
2002), electroplating, (Egunlae et al., 2005; Egunlae and 
Adewuyi, 2008); steel galvanising (Nazarov et al., 2011; 
Wolfgang-Hoffmann and Holger-Kryk, 2011), phosphating 
and many of the modern advanced deposition methods too 
numerous to mention.  
 
Copper coating (Niebel et al., 1993; Ted-Mooney, 2000) is 
often applied for its good adhesion and improved appear-
ance. Though copper coating on steel have good resistance 
to corrosion, but once the base metal is exposed by a pin 
hole or scratch, a strong voltaic effect is set up at the breaks 
beneath the coating and this results in peeling away of the 
coat. Copper coating for a decorative reason is always pre-
vented from oxidation by top coating with clear lacquer. 
High throwing power baths are often used such as sulphate 
and fluoborate-acid baths, cyanide and pyrophosphate alka-
line baths (Alber, 1989). Good metallic films are obtained 
from electroplating or electroless plating by the manage-
C 
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ment of the combination of the various essential plating pa-
rameters (Egunlae et al., 2005; Egunlae and Adewuyi, 2008; 
Ajibola and Oloruntoba, 2014; Ajibola et al., 2014a; Ajibola et 
al., 2014b; Ajibola et al., 2015a). 
 
Standard pure copper and copper alloys are renowned ma-
terials used for ‘earthening’ in the electrical industry. The 
scarcity and high cost of copper material in the market have 
drawn the shift to the production and replacement of pure 
copper earthen wire with copper plated steels of different 
sizes. The copper plated steel materials have been widely 
patronised in the country. The application has been chal-
lenged seriously by their corrosion in different environ-
ments of their services. 
 
Since wear and corrosion are identified to be surface prob-
lems, the characteristics of copper coated steels actually 
demonstrated the corrosion of copper in the media. The ion-
ic reaction can be summarised as in equation (1)  
Cu = Cu+2 + 2e      (1) 
 
The reports of different experiment on selected sourced wa-
ters tend to show further understanding on the behaviour of 
copper corrosion in various environment including acids, 
alkali, sodium and potassium salts as reported by Villamil et 
al., (1999); Bastidas et al., (2000); Martens et al., (2003); Vogt 
et al., (1998); Jope et al., (1995) and  Feng et al., (1997). Other 
reports of investigation on the use of inhibitors to enhance 
reduction in copper corrosion by Singh and Singh (1995) and 
Wu et al., (1993) are also popular. Ajibola et al., (2015c) had 
reported the effects of NaCl, H2SO4 and NaOH solutions on 
corrosion of copper plated steels. In the present study, the 
effects of different water sources on the corrosion of copper 
plated steels were examined. The corrosion rates and their 
physical impact were examined with the view to assessing 
the limitation of copper plated steels application as earthen 
rods buried in different water environments. 
2 MATERIALS AND METHODS 
The water media used for corrosion tests are rain water, well 
water, brine (3.5wt % NaCl solution) and chlorinated munic-
ipal tap water samples were sourced and collected from 
three different locations within Ado-Ekiti town namely; 
Federal Polytechnic main-campus, Omisanjana Area, and 
Ekiti State Ministry of Water Resource Ireje Scheme, within 
the Ado-Ekiti municipal respectively.  
 
Steel samples obtained from ASTC-Rolling mill section, 
Ajaokuta, Kogi state, Nigeria (Table 1) were marked and cut 
to length (40 mm) x width (15 mm) x thickness (5.5 mm).  
    The sample surface was grinded and polished on the ELE 
polishing machine (EL 78/260) using 600 m grit abrasive 
papers. The surface was cleaned and washed emulsifying 
solution at 50±5 oC for 10 mins; alkaline-cleaned in 1 % 
NaOH solution operating at 45±5 oC for 2 mins to degrease 
the surface, followed by acid-washing in 13 % HCl at 50±5  
oC for 1 min with intermittent water rinsing at 27±3 oC be-
tween every stage. The copper electroplating bath was done 
in an acid sulphate bath comprising of 200 g/l CuSO4.5H2O, 
50 g/l H2SO4, 1.0 g/l phenol, operated at 50±5 oC bath 
temperature, current density (c.d) = 1 A/dm2, 95 % current 
efficiency. 
The plated steel was seal rinsed in water at 95±5 oC for 1 
min. The copper plated steel material is dried in air and the 
initial weight is measured and the copper film thickness was 
measured using micrometer screw gauge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Copper-plated steels (a) and thin section of copper plate (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The copper plated steel substrate was used for corrosion 
tests. All copper-plated samples used for the corrosion tests 
were plated for about 30 mins to obtain thicker films suitable 
for corrosion experiment. The specimens were marked as-
received NST60Mn (sample A), as-received NST50 (sample 
B), Cu–plated NST50 (sample C) and Cu–plated NST60Mn 
(sample D) respectively. 500 ml of each of the water media 
used for corrosion tests were prepared. These include brine 
(3.5wt % NaCl solution), chlorinated municipal tap water, 
well water and rainwater. Each of the four steel samples was 
Table 1: Composition of steel samples                 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Table 2: The chemical analyses of water samples 
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fully immersed into the four media at room temperature 
range of 27±5 oC for 30 days using the electronic pH-mV-
Temp meter (model PHS-3BW). The corrosion rate meas-
urement (in mg/mm2/day) method is used to quantify the 
corrosion at every 2 days interval of the immersion period. 
The chemical analyses of water samples are presented in 
Table 2.  The microstructure (Figure 1b) was examined using 
metallurgical microscope (Nikon-Eclipse M600 model). The 
effect corrosion on the physical properties (appearance, col-
our and roughness) of plated substrates surfaces were exam-
ined using high resolution microscopic camera (Samsung 
ST65/HD5X-14.2 model).  
3 RESULTS AND DISCUSSIONS 
The results of immersion tests of the as-received NST60Mn 
(sample A), as-received NST50 (sample B), Cu–coated NST50 
(sample C) and Cu–coated NST60Mn (sample D) for 30 days 
in brine (3.5 % NaCl solution), chlorinated municipal tap wa-
ter, well water and rainwater are presented and compared in 
Figures 2-11 and Table 3 respectively. Equations 2-9 show the 
trends of corrosion rate curves on the logarithm scale ob-
tained from the as-received steels and copper-plating corro-
sion in the four media.  
 
3.1 Copper Corrosion in Brine Solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 shows the trends of corrosion rates of the four sam-
ples (A, B, C and D) in brine (3.5 % NaCl solution). Within 
the first twelve days, the corrosion rates for all the four 
samples increased with exposure time increase at almost the 
same uniform trend marked with small corrosion rates val-
ues with gentle slopes. The as-received NST60Mn showed 
sharp rise in corrosion rates between the 10 - 24th day after 
which the corrosion rate was constant until the 30th day of 
examination. Whereas the as-received NST50 also showed a 
sharp rise in corrosion rate between the 12 - 26th day after 
which the corrosion rate was steady until final day of obser-
vation. The as-received NST60Mn steel has the highest cor-
rosion rate in brine for the period of the 30 days. The curves 
show that the coated steels have lower corrosion rates in the 
brine solution than the uncoated (as-received) steel samples. 
The Cu– coated NST50 showed higher corrosion rate be-
tween the 16th and 26th day after which the corrosion rate 
becomes constant until 30th day. The corrosion rate of cu 
coated NST60Mn increased with low gradient slope until the 
28th day. The corrosion rates remain constant between 28th 
and 30th for the coated samples. Comparatively, the highest 
values of 0.1507, 0.1421, 0.0916 and 0.0839 mg/mm2/day 
corrosion rates were measured for samples A, B, C and D 
respectively within the 30 days of immersion in brine. The 
trends of the corrosion rate obtained for brine are 2 & 3.  
Rb1 = 0.0771 ln(t) - 0.0566   (2) 
Rb2 = 0.0292 ln(t) - 0.0108    (3) 
Where Rb1 and Rb2 = corrosion rate (mg/mm2/day) in 
brine for sample A and D respectively, at varying  time t 
(day) on log scale. 
 
The copper plated steel has the lower values of corrosion 
rate in brine (3.5 % NaCl solution) as compared with the as-
received steel in the same medium. This is because copper 
ions (copper I and copper II) form complexes, which are 
more stable chloride solution (Feng et al., 1997; Vogt et al., 
1998; Ajibola et al., 2015c). Hence copper plated steel is more 
protected in brine than the uncoated steel specimens. To 
enhanced lower rate of corrosion rate of copper coated steel 
in brine, inhibitors can also be used.  
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Fig. 2: Corrosion rate of as-received and copper-coated steels in brine 
 
 
A 
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C 
 
D 
Fig. 3: Optical Micrograph showing corrosion of samples A, B, C and 
D in brine water (Mag. x25) 
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The cases steel corrosion (Fossat et al., 2006) is more ram-
pant within the Lagos state cities than in many other parts of 
the country. Multi-millions Naira are lost to problems result-
ing from steel corrosion around the Atlantic Ocean and the 
Lagos bar-beach area. Guard steel rails and other metallic 
features are seen to be much affected. The reflection of such 
attacks could be understood and seen in Figure 3. The im-
pact is tremendous and more devastating than what could 
be experienced in any other water source. This is because the 
seawater or the brine with varying chloride ions and some 
other halide salts which are not friendly to steel materials 
around these areas. Nonetheless, some little changes could 
be obtained from alleviating the corrosion damages result-
ing from high chloride ion concentration as in Figure 3 (C 
and D). Apart from reducing impact of corrosion by metallic 
deposition, customised inhibitors could also be used to get 
results (Oloruntoba et al., 2015).  
3.2 Copper corrosion in aqueous solutions of 
chlorinated municipal water 
There are standard international regulations on the explora-
tion, production and supply of municipal pipe borne water 
(WHO, 1982). These include the obtainable and acceptable 
water standards as stipulated by the different international 
health and environmental organisations such as the WHO, 
UNICEF etc (Moore et al., 1995). Different water sources 
produce different impact on the different materials (metals 
and metal alloys) that come in contact in their service envi-
ronment (Jimoh et al., 2007; Ajibola and Jimoh 2014b). In the 
present study, the corrosion impact of chlorinated municipal 
(pipe borne) water on the as-received and copper-coated 
steels were investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 shows the corrosion rate of four samples (A, B, C 
and D) in tap water. The corrosion rates in the four in-
creased with the increasing exposure time. The corrosion 
rates in the two as-received samples A and B are very close 
while the coated samples C and D have almost the same 
values with the increasing exposure time. The corrosion rate 
in Sample A increased until the 26th day after which the 
corrosion rate becomes constant. The corrosion rate in sam-
ple B becomes constant after the 28th day of exposure. 
Comparatively, sample A has higher corrosion rate values 
than sample B in the tap water. Also, the highest corrosion 
rates (mg/mm2/day) values of 0.0295, 0.0367, 0.0194 and 
0.0180 were obtained for as-received steels (A and B) and cu-
coated steels (C and D) respectively in the 30 days of immer-
sion test in the tap water. The trend of the corrosion rate 
obtained in tap water is given by equations 4 and 5 
Rm1 = 0.01 Ln(t) + 0.0014    (4) 
Rm2 = 0.0062 Ln(t) + 0.0009   (5) 
where Rm1 and Rm2 are corrosion rates (mg/mm2/day) in 
municipal water for sample A and D respectively, t = time 
(day) 
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Fig. 4: Corrosion rate of as-received and copper-coated steels in chlorinated 
municipal water 
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D 
Fig. 5: Optical Micrograph showing corrosion of samples A, B, C and 
D in chlorinated municipal pipe borne water (Mag. x25). 
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The municipal tap water contains active reagents such as 
chlorine and hypochlorous, Na+, K+, Mg+ salts which are 
used in water treatment to make it portable. These reagents 
actively react with Cu to promote the corrosion. Figure 5 
really conforms to the nature of the surface appearances of 
many unguarded or unprotected NTS60Mn and NST50 steel 
materials used in the fabrications of many types of equip-
ment. The corrosion impacts are more severe on the two 
specimens A and B than what were observed on samples C 
and D. 
 
3.3 Copper corrosion in aqueous solutions of well 
water 
The effects of well water on the corrosion of the two as-
received and copper plated specimens are illustrated as the 
corrosion rate curves (Figure 6) and macro graphs in the 
Figure 7.  
 
 
 
   
         
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 6, the corrosion rates of four samples in well water 
are plotted on a logarithm scale. The corrosion rates in the 
four samples are almost the same and very close the first 8 
days after which the corrosion rate increased with the in-
creasing exposure time. Samples A and B have similar trend 
of corrosion rates after 8 days while corrosion rates of sam-
ples C and D are also similar. 
The corrosion rate of sample A increased until the 28th day 
after which the corrosion rate becomes constant. The corro-
sion rate of B is constant between 26th and 30th day of expo-
sure. The corrosion rate of C remains constant between 22nd 
and 28th day while sample D showed constant corrosion 
rate between 20th and 26th day of exposure. Comparatively, 
samples A and B have higher corrosion rate values than 
sample C and D in the well water for the period of 30 days 
exposure.  
The highest corrosion rates (mg/mm2/day) values of 
0.0302, 0.0289, 0.0171 and 0.0173 were measured for as-
received steels (A and B) and cu-coated steels (C and D) re-
spectively within the 30 days of immersion in the well wa-
ter. The trend of the corrosion rate obtained in well water is 
given by equations 6 and 7. 
Rw1 = 0.0117 Ln(t) - 0.0032   (6) 
Rw2 = 0.0057 Ln(t) + 0.0030                 (7) 
where Rw1 and Rw2 = corrosion rate (mg/mm2/day) in 
well water for sample A and D respectively, t = time (day). 
The macrographs in Figure 7 (A, B) are the similitude of the 
regular occurrence on different buried steel objects such as 
the pipeline, water tanks and overhead or submersible water 
pumps immersed in well waters at diverse regions across 
the nation. This is typically pronounced in the Delta and 
Lagos areas and their environs where underground waters 
are of very high salinity. The physical observations on the 
copper coated specimens (C and D) also show that were af-
fected in the well water environment. 
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     Fig. 6: Corrosion rate for as-received and copper-coated steels in well 
water 
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Fig. 7: Optical Micrograph showing corrosion of samples A, B, C and D in 
well water (Mag. x25) 
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3.4 Copper corrosion in aqueous solutions of 
rainwater 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                                                                   
 
 
 
 
Figure 8 shows the corrosion rates (mg/mm2/day) of four 
specimens in rainwater. The corrosion rates (mg/mm2/day) 
in the four media increased with the increasing exposure 
time. The corrosion rates of samples A and B are very close 
in the first 10 days after which the corrosion rate increased 
at different trends with the increasing exposure time. The 
corrosion rates in Sample A and B increased until the 28th 
day after which the trends of corrosion rates become con-
stant. The coated samples C and D have almost the same 
values and trend of corrosion rate (mg/mm2/day) with the 
increasing exposure time.  
 
Comparatively, sample B has higher corrosion rate values 
than sample A in the rainwater.  The corrosion rate of sam-
ple C remains constant between 22nd and 26th day while 
sample D showed constant corrosion rate between 24th and 
26th day of exposure. Both samples recorded higher values 
of increase in corrosion rates between from 26th to 28th day 
after which both samples showed a small level of reduction 
in the corrosion rates until the 30th day of exposure. The 
highest corrosion rates (mg/mm2/day) values of 0.0439, 
0.0458, 0.0104 and 0.0103 were measured for as-received 
steels (A and B) and cu-coated steels (C and D) respectively 
within the 30 days of immersion experiment in the rainwa-
ter. The trend of the corrosion rates obtained in rainwater is 
given by equations 8 and 9. 
Rr1 = 0.0155 Ln(t) - 0.0012    (8) 
Rr2 = 0.0034 Ln(t) + 0.0015    (9) 
where Rr1 and Rr2 = corrosion rate (mg/mm2/day) in 
rainwater for sample A and D respectively, t = time (day). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The micrographs in Figure 9 (A, B) are the resemblances of 
what are usually experienced on different steel items such as 
the corrugated roofing sheets, storage tanks, steel doors and 
gates exposed to rainfall in different localities in Nigeria and 
West Africa sub-region. This problem seems to be mild in 
the rural and developing areas than in the industrial and 
mega cities where there are more concentrations of atmos-
pheric pollutions. Base on the results in Figure 8 and Figure 
9 (C, D), it will not be unreasonable to prime-coat some 
small items which are manufactured from steels for outdoor 
applications. 
 
3.5 Corrosion of two steel samples in four water 
media compared 
Comparing the results of copper corrosion in Figures 3, 5, 7, 
9-11, observations show that Cu–plated steels corrode with 
increase in exposure time. Of all the selected waters, the 
highest level of attack was obtained from the 3.5t % NaCl 
solution. The comparison shows that the as-received sam-
ples (A and B) have greater level of corrosion than the cop-
per coated steel samples (C and D) in the four environments 
examined for 30 days. 
The corrosion rates of immersed samples (as-received steel 
and copper coated steels) in the four media for 30 days are 
presented in Table 3.  
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Fig. 8: Corrosion rates of uncoated and copper-coated steels in Rain     
water 
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Fig. 9: Microphotograph of corrosion of samples A, B, C and D in 
rainwater (Mag. x25) 
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4 CONCLUSION 
Based on the results of this study, the following conclusions 
could be drawn that; The corrosion resistance of the copper 
plated steels in the four water environments were deter-
mined. Copper coated steels resisted corrosion more than 
the as-received samples in all media tested. The copper-
coated samples show very close and similar trend of corro-
sion rates in all media. Copper-coated steels have 3.06 x 10-3, 
6.5 x 10-4, 5.72 x 10-4, 3.47 x 10-4 corrosion rates (mgmm-
2day-1) in brine, chlorinated municipal water, rainwater, 
well water respectively. With evolution of many small-scale 
foundry and machine shops, which make use of steels in the 
production of both domestic and machine parts such as elec-
trical earthen rod, adequate copper film thickness can be 
effectively used to protect steel surfaces against corrosion in 
these selected water environments with exception of brine. 
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